Glass materials play a vital role in advancement of science and technology. They have found wide spread application in the industry, in laboratory equipment and in micro-gas turbines. Due to their low fracture toughness they are very difficult to machine, moreover there are the chip depositions on the machined surface which affects surface finish under ductile mode cutting conditions. In this research, high speed end milling of soda lime glass is performed on CNC vertical milling machine to investigate the effects of machining parameters i.e. spindle speed, depth of cut, and feed rate on machined surface roughness. Design of experiments was performed following Central Composite Design (CCD) of Response Surface Methodology (RSM). Design Expert Software was used for generating the empirical mathematical model for average surface roughness. The model's validity was tested to 95% confidence level by Analysis of Variance (ANOVA). Subsequent experimental results showed that the developed mathematical model could successfully describe the performance indicators, i.e. surface roughness, within the controlled limits of the factors that were considered.
Introduction
Lately, there has been an increased interest in the high speed machining due to its ability to improve surface finish. Moreover, high speed machining increases the Material Removal Rate (MRR) while retaining the tool life within acceptable limits [1] . But, even applying high speed machining, end milling of glass is a serious challenge and expensive issue because of glass' inherent brittleness and low toughness. Based on prior studies on glass machining, it has been observed that effective machining of glass can be achieved by utilizing ductile regime machining. Ductile mode machining enables material removal from brittle materials in a ductile manner avoiding fracture or crack propagation. However, such machining mode is only attainable through careful control of machining conditions and parameters. Therefore, the need for developing empirical mathematical equations to model machining processes, especially for brittle materials such as glass, is of paramount importance.
Sajjadi et al. [2] in their study by scratch test showed that higher critical chip thickness was obtained by higher cutting speeds. While, Reddy et al. [3] developed predictive models for surface roughness of ceramic glass under the conditions of 10,000 to 20,000 rpm and 30 mm/min feed rate. They concluded from their model that surface roughness decreased with increase of spindle speed in micro end milling operation. Arif et al. [4] reported on their achievement in ductile mode machining of glass by micro milling process with 2-flute, TiAlN coated, super hard cemented carbide micro end mill tools (diameter: 0.8 mm). They found the critical axial depth of cut (0.4-0.6 µm) for fracture-free slotting in soda-lime glass. Uddin et al. [5] observed that high hydrostatic pressure could be used to deform brittle materials plastically and produce continuous chips. Sai et al. [6] claimed that optimum quality machined surfaces, which depends on roughness, micro hardness, residual stresses and material micro structure, could be obtained by employing high cutting speeds. This work aims at developing empirical mathematical model of surface roughness in high speed end milling of soda lime glass within selected ranges of the cutting parameters.
Experimental Details
Experimental tests were executed on Vertical Machining Center (VMC ZPS, Model: MLR 542) having a maximum spindle speed of 8,000 rpm. For increased spindle speed a brushless motor spindle planet (Nakanishi HES510) was attached. The HES510 motor and air turbine spindle require dry, clean, and regulated air, which was provided by the Nakanishi AL-0201 airline kit. The Nakashi HES510 spindle was chosen because of its high rigidity (spindle accuracy: 1 µm), low vibration, and high spindle speed (50000 rpm). The output power (250 W) was controlled by an external E3000 ECU. Compressed air to blow off the chips was obtained from an air compressor. The experimental set-up is illustrated in Fig. 1 .
A micro-grain cemented carbide tool with plasma CVD coating (dia: 4 mm, flute no: 2) was used for machining soda lime glass (dimensions: 20 mm x 15 mm x 5 mm, composition: 73% SiO 2 , 14% Na 2 O, 9% CaO, 4% MgO, 0.15% Al 2 O 3 ). The tool overhang was fixed at 15 mm from the collet chuck for all cutting conditions. The posterior surface of the work-piece was strongly clamped by Aluminium fixtures. At the beginning, the glass work-piece was leveled by an abrasive diamond grinder wheel. Experimental runs were designed using the DESIGN-EXPERT Software 6.0 based on a Central Composite Design (CCD) model in Response Surface Methodology (RSM). The input parameters were: spindle speed (30,000-50,000 rpm), depth of cut (50-100 µm), and feed rate (6-18 mm/min). Compressed air (0.35-40 MPa) was used for air blowing. Finally, after machining, the work-piece (cleaned with acetone) was analyzed for surface roughness using 3-D optical profiler (VeecoWyko) and SurfTest SV-500. Table 1 lists the experimental results. Table 2 includes the results of the Fit and Summary Test and Table 3 is the ANOVA analysis. The Model F-value of 22.17 implied that the model was significant. There was only a 0.01% chance that a "Model F-Value" this large could occur due to noise. The "Lack of Fit F-value" of 1.47 implied that the lack of fit was not significant relative to the pure error. There was a 35.16% chance that a "Lack of Fit F-value" this large could occur due to noise. Therefore, the 2FI model with a confidence level of more than 95% was selected for modeling the surface roughness (Eq. 1, below). 
Where, A is spindle speed, B is Depth of Cut, and C is Feed Rate. Fig. 2 (a) represents the interaction effect of spindle speed (A) and depth of Cut (B) on surface roughness. It was observed that the surface roughness increased with the increase in spindle speed. However, in case of increased depth of cut again surface roughness increased when there were deviations from the reference point of C = 12 mm/min. Fig. 2 (b) is the residual plot showing that there was good clustering of the data. Advanced Materials Research Vol. 576
Conclusion
The following specific conclusions have been drawn on the research work: 1. Response surface methodology has been proven as a good method for modeling the cutting parameters in high speed end milling of soda lime glass using carbide coated tools with compressed air blowing. 2. According to the developed model, the spindle speed and the depth of cut have more significant effect on surface roughness in high speed end milling of soda lime glass. 3. Also, a combination of low spindle speed and depth of cut offers the lowest surface roughness. 
